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ABSTRACT
Bioreactors are utilized in many industries, such as the food, alternative fuel, and
pharmaceutical industries, to design and manufacture products. Unlike the similar chemical
batch reactors utilized in many chemical processing facilities, bioreactor utilization
requires engineers to consider a wider range of operating conditions and parameters. This
results in a more complex reaction system and controls network. Due to this, it is imperative
for chemical and biomedical engineering students to not only understand the theory
surrounding these reactor systems, but also understand how to properly design and perform
operating procedures with these systems. Thus, it was determined to create an
undergraduate laboratory for the utilization of a stirred-tank, jacketed bioreactor to provide
the necessary hands-on utilization of this unit operations. A bioreactor unit was completed
for the utilization in the undergraduate laboratory. Additionally, a laboratory manual,
outlining the operating procedures, safety considerations, and deliverables in the
laboratory, was completed. It was determined that the completed bioreactor unit and
laboratory manual could be utilized to perform a bioreactor laboratory experiment.
Additionally, it was determined that, after the collection of baseline data for the bioreactor,
the laboratory could be implemented into the undergraduate curriculum at the discretion of
the laboratory instructors.
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Introduction
Batch reactors are utilized in many industries around the world. A subset of these
called bioreactors, or fermenters, is primarily used in the food, alternative energy, and
pharmaceutical

industries,

as

they

provide

well-controlled

environments

for

microorganisms to cultivate and synthesize products [1]. For example, in industry
fermenters are utilized in the production of yogurt, corn ethanol for fuel, and cultivation of
eukaryotic and prokaryotic cells for pharmaceutical research [2,3,4]. Figure 1.1 shows an
example of a standard lab-scale bioreactor [5].

Figure 1.1: Lab-scale Bioreactor Design
Note. Adapted with permission from [5]. Copyright InTech 2017.
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Fermentation, “the generation of energy [by living organisms] without the electron
transport chain [6],” is often utilized in these processes to convert the organic substrates
typically used in these industries. For example, corn is converted to ethanol for fuel via
fermentation [3]. Fermentation occurs when oxygen is not accessible by the utilized cells
and is the anaerobic consumption of glucose and other molecules. When oxygen is not
accessible, organisms cannot utilize the electron transport chain due to the lack of oxygen
needed for the final electron acceptor. Additionally, the citric acid cycle, or Krebs cycle,
will stop, as the cells cannot regenerate enough nicotinamide adenine dinucleotide (NAD)
or flavin adenine dinucleotide (FAD), coenzymes central in metabolism, to continue this
cycle. Therefore, the cells undergo anaerobic respiration, also known generally as
fermentation, either in the form of lactic acid fermentation or ethanol fermentation.
Enzymes, which are biological catalysts utilized in organisms to lower the activation
energy of a reaction, reassemble these substrates into the products desired [6]. An example
of enzymatic binding is shown in Figure 1.2 [7], and an example of the activation energy
reduction discussed is shown in Figure 1.3 [8].

Figure 1.2: Enzyme-Substrate Binding for Product Formation
Note. Adapted with permission from [7].
2

Figure 1.3: Effect of Enzyme Utilization on Activation Energy
Note. Adapted with permission from [8]. Copyright Nature Education 2014.
A wide variety of organisms, such as yeasts, mammalian cells, plant cells, and bacteria,
can be used and/or genetically engineered to complete the required steps for the production
of the desired product. Additionally, bioreactors can be utilized as both batch and
continuous processes, with fermenters available at wide capacity ranges (1-30,000 L) and
successfully scaled to 250,000 L capacities in some processes [1].
With the use of bioreactors in many industries today, it is common for engineers to
utilize these within process facilities. However, bioreactors are more complex than the
conventional chemical batch reactors engineers are expected to learn and master. Due to
the necessity of maintaining a sterile environment, growing and maintaining the living
organisms within the bioreactor while creating the intended product, and keeping the
environment pH and temperature stable, engineers have many considerations to take into
account when operating these unit operations. Table 1.1 shows a comparative analysis
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between basic control considerations between bioreactors and conventional chemical batch
reactors.
Table 1.1: Conventional Chemical Batch Reactors vs. Bioreactors
Control Condition

Conventional Chemical
Batch Reactor

Mixing

Must ensure uniform
mixing of chemicals

Environment

Must control temperature
and pressure

Organism Growth and
Maintenance

N/A

Cleaning

Must ensure reactor is
cleared of accumulated
chemicals before
utilization

Bioreactor
Must ensure uniform
mixing of culture media;
Must ensure mixer speed
does not cause shearing of
cells
Must control temperature
and pressure; Must control
pH and dissolved oxygen
(DO) levels; Must control
nutrient concentrations
Must ensure organisms
have sufficient nutrients for
growth and cellular
functions; Must take into
account the balance
between cell death and cell
growth; Must ensure cell
growth is occurring where
designed
Must ensure reactor is
cleared of accumulated
chemicals and cells before
utilization; Must ensure
reactor is sterilized before
utilization

Due to the common utilization of both conventional chemical batch reactors and
bioreactors, it is vital for engineers to not only learn the theory surrounding batch reactor
and bioreactor design and also have experience in operating these unit operations. In a 2012
study on the effects of concurrent enrollment of collegiate-level laboratory and lecture
courses on retention and performance, results demonstrated that “enrolling in an
introductory laboratory concurrently with the corresponding lecture course enhances
4

learning gains and retention in comparison to students who enroll in the lecture alone [9].”
This further supports the necessity of hands-on utilization of bioreactors while learning the
theory in lecture courses. With this in mind, it is not always an easy task to create a
laboratory experiment that provides sufficient technical knowledge while evaluating the
large breadth of theory required to understand the design and outcome of these unit
operations. Therefore, the objective of this project is to provide an overview of creating a
laboratory experiment to evaluate bioreactor design and utilization for the creation of
ethanol with Saccharomyces cerevisiae (S. cerevisiae). This will require students to
understand the concepts of cell growth and death kinetics, bioreactor design and operation,
reaction kinetics, and data analysis techniques.
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Background
Ethanol Production
Ethanol is mainly produced through two processes [10]. Ethanol production via the
direct hydration of ethylene is one process commonly used to produce ethanol. This process
mainly produces ethanol for solvent use in laboratories and was first introduced by Shell
in 1947 [11]. This process involves the reaction of water vapor and ethylene in the presence
of a phosphoric (V) acid catalyst coated onto a solid silicon dioxide. By performing the
reaction at 250-300°C and 70-80 atm, the conversion of ethylene is 4-5%, and the
selectivity of ethanol to ethylene is 98.5 mol% [11]. Additionally, unreacted ethylene is
recycled through the process. Although the conversion of this process seems relatively
small, this is important in the process, as several undesired reactions have the potential to
occur at a higher frequency if the process is operated outside the boundaries noted
previously [11]. Reaction equations for this process are shown below as Equation 2.1.1,
the desired reaction, and Equations 2.1.2 and 2.1.3, the undesired reactions [11].
Equation 2.1.1:

𝐶 𝐻 (𝑔) + 𝐻 𝑂(𝑔) ↔ 𝐶𝐻 𝐶𝐻 𝑂𝐻

Equation 2.1.2:

𝐶 𝐻 + 𝐻 𝑂 → 𝐶𝐻 𝐶𝐻𝑂

Equation 2.1.3:

2𝐶𝐻 𝐶𝐻 𝑂𝐻 ↔ 𝐻 𝑂 + (𝐶𝐻 𝐶𝐻 ) 𝑂

Ethanol production via fermentation is the second process commonly utilized [10].
This process is utilized to produce both fuel ethanol and alcoholic beverages, with
6

some variations in the production steps due to the desired ethanol concentration in the
product [10]. The majority of fuel ethanol created via fermentation utilizes corn as its
substrate. Other substrates, such as wood and crop residues, are utilized in this process but
are uncommon [12]. In 2019, it was estimated that the United States produced 15.8 billion
gallons of ethanol for use in fuel, which was approximately 54% of the world’s production
of fuel ethanol [13]. Currently, most fuel ethanol production facilities utilize either a dry
grind or wet mill process, with 2.8 gallons of ethanol produced by dry grind and 2.5 gallons
produced by wet mill per 1 bushel of corn. The dry grind process mills the corn into a
granulated powder and utilizes this in the fermentation process. The wet mill process,
however, steeps the corn to remove oils and corn gluten meal before the corn is fermented.
The dry grind process allows the production facility to focus on the capitol return of the
ethanol fermentation process, while the wet grind process allows the production facility to
separate valuable components from the corn slurry before fermentation is undergone [14].
Figure 2.1.1 shows a flow diagram of the dry grind and wet mill processes, according to
[14]. Both processes utilize yeasts, most commonly S. cerevisiae, during the fermentation
process and distill the fermentation product to obtain 95% ethanol. The ethanol is then
dehydrated, commonly by a molecular sieve, to obtain 100% ethanol.
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Figure 2.1.1: Flow Diagrams of the Dry Grind and Wet Mill Processes
Note. Adapted with permission from [14]. Copyright Springer Nature 2005.
Ethanol fermentation has been used for millennia to produce alcoholic beverages
[15]. In Yeast Fermentation and the Making of Beer and Wine (Alba-Lois & SegalKischinevzky, 2010), they emphasize the historical significance of ethanol fermentation by
stating:
Mead, or honey wine, was produced in Asia during the Vedic period (around 1700–
1100 BC), and the Greeks, Celts, Saxons, and Vikings also produced this beverage.
In Egypt, Babylon, Rome, and China, people produced wine from grapes and beer
from malted barley. In South America, people produced chicha from grains or
fruits, mainly maize; while in North America, people made octli (now known as
"pulque") from agave, a type of cactus [15].
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The process of producing alcoholic beverages is similar to that of producing fuel ethanol.
First, the substrate for fermentation is mashed, cooked, and pressed to extract the
carbohydrates and liquify the substrate. Next, the substrate and optional additives are
fermented. Finally, the fermented broth is separated from sediment and, if needed, distilled
[16]. Alcoholic beverages can be produced from a variety of substrates. As stated in
Alcohol Drinking (International Agency for Research on Cancer, 1988):
The production of beer, wine, and spirits can be outlined as follows:
beer is brewed by fermenting malted barley, and occasionally other cereals, to
which hops are added;
wine is made by fermenting grape juice (white wine) or crushed grapes (red wine
and rosé). ln fortified wines, such as sherry and port, distilled spirits are added;
distilled spirits are made from different sources of starch or sugar: cereals, molasses
(from sugar beets), grapes, potatoes, cherries, plums, or other fruits; when the sugar
has fermented, the liquid is distilled [16].
In 2018, it was estimated by the International Wines and Spirits Record (IWSR), the
leading source for data analysis on the global beverage alcohol market, that the United
States consumed 3.345 billion 9-liter cases worth of alcoholic beverages [17]. This equates
to approximately 7.95 billion gallons of alcoholic beverages in 2018.
Of the two processes, ethanol production via fermentation has become more widely
utilized for three reasons. First, the price of ethylene fluctuates vastly depending on the
geographic area [18]. Second, corn is abundant in the United States and can be easily
converted to ethanol through fermentation. Third, federal and state governments began
9

giving subsidies for ethanol in the 1970/1980s, improving the value of corn for farmers
that produced ethanol from their corn harvests [14,19]. Thus, chemically synthesized
ethanol is produced primarily by three companies, while ethanol produced via fermentation
was produced by 76 production facilities as of 2004 [14,18].
Due to the increased utilization of fermentation to produce ethanol, the laboratory
activity will focus on the fermentation route for ethanol synthesis. However, the laboratory
activity will deviate from the production process in that the fermentation process will only
be studied, and the process will be scaled-down to a 1.5 L reaction vessel. Additionally, a
preprocessed substrate will be utilized, eliminating the preparation and formulation of a
substrate for use in the fermentation.
Bioreactors
Before continuing further, it is important to define some terms to fully understand
the significance of bioreactors and their utilization in production. To start, bioreactors are
“vessels in which a chemical process is carried out which involves organisms or
biochemically active substances derived from such organisms [20].” Specifically,
bioreactors often utilize microorganisms or somatic tissues, as is in the case for some
medical facilities utilizing bioreactors. These reactions often take place under controlled
conditions, such as temperature, pH, pDO, and substrate concentration. This allows
production facilities to produce desired compounds based on the ideal environment specific
to the utilized organisms or active substances.
As noted previously, bioreactors often utilize microorganisms or biochemically
active substances from these organisms for the desired reaction pathways. This is due to
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the organism-specific enzyme production facilities can utilize, either inside the
microorganisms or extracted from the microorganisms as biochemically active enzymes.
Just as some chemical processes require catalysts to create products, enzymes from
organisms can be used as biological catalysts to produce chemicals that are costly to
produce by other means. This allows for the mass production of bioproducts, such as
insulin, pharmaceuticals, and biofuels.
Microorganisms follow two main pathways for cell growth and product formation:
aerobic and anaerobic respiration [21]. Aerobic respiration is the production of cellular
energy in the presence of oxygen [21]. This allows the cells to undergo the glycolysis, citric
acid cycle, and electron transport chain pathways [21]. During aerobic respiration, cells
generate 36 (net) adenosine triphosphate (ATP), six carbon dioxide, and six (net) water
molecules from each glucose molecule metabolized [21]. This also requires the utilization
of six oxygen molecules, as these are used as electron acceptors during the electron
transport chain [21]. Anaerobic respiration, as stated in the introduction, occurs when
oxygen molecules are not present [21]. Due to this, the cells are not able to utilize oxygen
as the final electron acceptor during the electron transport chain. Furthermore, the cells
lack available NAD and FAD to continue the citric acid cycle. This causes the cells to
undergo fermentation, either ethanol or lactic acid fermentation. Anaerobic respiration
generates 2 ATP per glucose molecule metabolized [21]. Table 2.2.1 shows a comparison
between aerobic and anaerobic respiration.
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Table 2.2.1: Aerobic Respiration vs. Anaerobic Respiration
Characteristics
Location
Reactants
Energy Produced
Other Products

Aerobic Respiration
Mitochondria and
Cytoplasm
Glucose and Oxygen
36 (net) ATP
6 CO2, 6 (net) H2O

Anaerobic Respiration
Cytoplasm
Glucose
2 (net) ATP
2 Ethanol, 2 CO2

The use of microorganisms in bioreactors is the main factor that separates
bioreactor from chemical reactors. Due to the necessity of a stable, controlled environment
for cell growth, longevity, and bioactivity, bioreactors often require the addition of a
sparger, which is utilized to provide oxygen to the cells within the bioreactor broth, and
specialized controllers to maintain optimal conditions to keep the cells alive and thriving
[4]. Additionally, bioreactor modeling requires engineers to take into account the
utilization of substrate, or nutrients available to the microorganisms, for cell growth and
product formation, rather than only product formation, as seen in chemical reactors.
Furthermore, engineers must account for cell death when utilizing bioreactors, as
microorganisms will die naturally over time. This requires engineers to design their
bioreactor system in regards to the phases of growth of their specific microorganism. By
operating in the stationary phase of growth, or the growth phase where the bioreactor
maintains the cell mass based on the available maximum carrying capacity, or the
maximum population size able to be sustained within the environment, of the bioreactor,
the engineer can maximize the number of cells in the bioreactor and maintain the cell mass
by the addition of nutrients and filtration of dead cells from the reaction vessel [22].
However, changes in operating conditions and nutrient concentrations can cause the
bioreactor to enter the decline phase, where cells begin to die due to the lack of nutrients
12

or incorrect environmental conditions to sustain the population. This will cause the reaction
mixture to decrease in bioactivity [22]. Unless properly maintained and cell death
accounted for in the design, bioreactors will fail to produce the desired results. The
culmination of these factors causes the utilization of bioreactors to become relatively more
complex when compared to their chemical reactor counterparts. However, many
mathematical models, such as Monod kinetics and Michaelis-Menten kinetics, allow us to
accurately model the growth, death, and product formation of cells (see Product Synthesis
and Cell Proliferation sections for equations).
Microorganism Selection
When utilizing a bioreactor for a fermentation experiment, it is important to pick
the right microorganism and substrate to allow for cell proliferation and synthesis of the
desired product. S. cerevisiae is a common yeast species that is used in fermentation
[10,23]. This is marketed as both baker’s yeast and brewer’s yeast, with the selectivity of
ethanol production to CO2 production and ethanol tolerance being different for each subspecies of S. cerevisiae [10]. In a fermentation experiment, we can utilize either yeast,
depending on which molecule will be measured. However, due to the prevalence of CO 2
in the atmosphere and the dissolution of CO2 in the reactant broth during the experiment,
measures of CO2 produced from the yeast have the potential to be inaccurate. Thus, the
ethanol produced by the cells can be analyzed through the use of a digital refractometer by
taking measurements of the ethanol concentration before and after ethanol production
begins.
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Substrate Selection
Once the desired yeast has been identified, a substrate must be chosen that contains
a high glucose content for the proliferation of the cells and synthesis of the product. This
is important due to the synthesis of ethanol from glucose, shown in Figure 2.4.1 according
to [24]. The solid lines denote the reaction mechanism for S. cerevisiae. An overall reaction
equation is shown in Equation 2.4.1.

Figure 2.4.1: Production of Ethanol from Glucose in S. cerevisiae
Note. Adapted and modified with permission from [24].
Equation 2.4.1: 𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2𝐴𝐷𝑃 + 2𝑃 → 2 𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 2 𝐶𝑎𝑟𝑏𝑜𝑛 𝐷𝑖𝑜𝑥𝑖𝑑𝑒 + 2 𝐴𝑇𝑃
Sugar solutions and other substrates containing high concentrations of glucose,
such as honey and molasses, are ideal for this reaction, as they are readily available.
Additionally, honey and molasses also provide other nutrients, such as metallic ions, that
are required for the proliferation of the yeast cells in the solution broth [25,26,27]. Due to
14

the nutrient content of molasses and previous successes in other studies with molasses
fermentation, molasses was chosen as the substrate of interest for this experiment [28].
Sterilization of the Substrate and Reaction Vessel
Before the bioreactor can be operated, it is important to sterilize the substrate and
reaction vessel to ensure there is no contamination in the form of common yeasts, bacteria,
or other microorganisms. If contamination occurs in the reaction vessel or substrate due to
incorrect sterilization techniques, ethanol production has the potential to decrease due to
the utilization of substrate by the unknown microorganisms. Due to the nature of the
experiment, unknown microorganisms have the potential to replicate in the reaction vessel
and create unknown side products.
To determine the time required to sterilize a reaction vessel or substrate, the
probability of an unsuccessful sterilization is used, shown as Equation 2.5.1 [4].
Equation 2.5.1:

1 − 𝑃 (𝑡) = 1 − [1 − 𝑒

]

where P0(t) is the probability of extinction of existing microorganisms, k d is the specific
death rate, t is the sterilization time, and N0 is the number of microorganisms in the material
to be sterilized.
The specific death rate, kd, can be calculated using Equation 2.5.2, an Arrhenius
equation relying on the temperature of sterilization and activation energy for the death of
the organism [29].
Equation 2.5.2:

𝑘 = 𝛼𝑒
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where α is the preexponential constant, E0d is the activation energy for the death of the
organism, R is the gas constant, and T is the absolute temperature. E 0d ranges from 50 to
150 kcal/g-mol for most organisms. For S. cerevisiae E0d = 85 kcal/g-mol [30].
Equation 2.5.1 can be utilized to create sterilization charts, which can be used to
determine the time at which a material should be sterilized. Figure 2.5.1 shows a
sterilization chart for an autoclave at 121°C. Using this chart, you can specify the
probability of failure, 1-P, and the number of organisms in the material, N 0. From this, you
can determine the rate-time, kt. By multiplying the rate-time by k d, the time, t, in minutes
the material should be sterilized can be determined [29].
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Figure 2.5.1: Sterilization Chart at 121°C in an Autoclave
Note. Adapted and modified with permission from [31].
It should be noted, however, that autoclaves are not always available in the
laboratory. Thus, two other common methods can be used for sterilization. First, dry heat
sterilization in a laboratory oven can be utilized to sterilize the materials for the
fermentation. This form of sterilization will take longer due to the utilization dry air instead
of a pressurized steam. Based on the Centers for Disease Control and Prevention (CDC)
guidelines for infection control, materials should be sterilized at “170°C (340°F) for 60
minutes, 160°C (320°F) for 120 minutes, and 150°C (300°F) for 150 minutes [32].”
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Additionally, Equation 2.5.1 and Equation 2.5.2 can be combined to formulate Equation
2.5.3.

Equation 2.5.3:

𝑡=

(

( ))

This equation can be utilized to determine the time of sterilization at a specified absolute
temperature, T; probability of extinction of existing microorganisms, P 0(t);the number of
organisms in the material, N0; known pre-exponential factor, α; and known activation
energy for the death of the organism, E0d.
Second, pressure cookers can be utilized in the absence of an autoclave. As per
V.A. Swenson et al. (2018), “the Instant Pot [pressure cooker] was capable of inactivating
106 G. stearothermophilus spores, which indicates that it can sterilize items to the level
generally deemed acceptable for laboratory autoclaves,” and the pressure cookers studied
“inactivated the microbes contaminating microbiological culture media and on metal
implements within 15 mins and 30 mins of run time, respectively.” From their
recommendation, pressure cookers should be operated at the manual slow cooking high
pressure and temperature setting. Additionally, the pressure cooker should be
depressurized within five minutes of completing the cycle to prevent prolonged periods at
a sub-sterilization temperature [33].
Product Synthesis
When determining the rate at which products are synthesized from cells, it must be
noted that the reactions within the cells are enzyme-catalyzed. Assuming our reaction
occurs at high concentrations of the substrate when the enzymes are saturated, or all of the
enzymes are occupied by substrates, we can model the reaction within our cells with
18

Michaelis-Menten kinetics, or saturation kinetics. Equation 2.6.1 shows the reaction
scheme for saturated kinetics [34].

Equation 2.6.1:

𝑘
𝑘
𝐸 + 𝑆 ⇌ 𝐸𝑆 → 𝐸 + 𝑃
𝑘

By assuming the quasi-steady-state assumption holds true, where the initial substrate
concentration, [S0], is much greater than the initial enzyme concentration, [E0], ([S0] >>
[E0] by at least x100) after a brief transient period of steady state, then Equation 2.6.2,
commonly called the Michaelis-Menten equation, can be developed [34]. A MichaelisMenten, or saturation, curve utilizing Equation 2.6.2 is also shown in Figure 2.6.1 [34].
Equation 2.6.2:

𝑣=

[ ]

=

[ ]
[ ]

where v is the rate of product formation, or reaction velocity, t is the time, [P] is the
concentration of the product at time t, Vm is the maximum reaction velocity, [S] is the
concentration of substrate at time t, and Km is the Michaelis constant.
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Figure 2.6.1: Michaelis-Menten Curve
Note. Adapted with permission from [44]
If the rate constants k1, k-1, and k2 and the initial concentration of enzyme, [E0], are
known, then Vm and Km can be calculated with Equations 2.6.3 and 2.6.4, respectively.
Equation 2.6.3:

𝑉 = 𝑘 [𝐸 ]

Equation 2.6.4:

𝐾 =

Calculation of Km and Vm is often difficult, as the rate constants and initial
concentration of enzyme are often unknown. However, by recording the change in the
product between two times at steady-state, the rate of product formation and, therefore, the
rate of substrate consumption can be calculated. From Equation 2.4.1, it is known that one
glucose molecule yields two ethanol molecules. This can be utilized in conjunction with
the product concentrations to calculate the concentration of glucose, making the
assumption that the volume in the reactor remains constant. This yields Equation 2.6.5 [34].
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Equation 2.6.5:

[𝑆] = [𝑆 ] − [𝑃]

where [S] is the concentration of the substrate in mol/L at time t, [S 0] is the initial
concentration of the substrate in mol/L, and [P] is the concentration of the product in mol/L
at time t.
Due to the slope of the Michaelis-Menten curve, it is hard to determine the
remaining unknown variables, Km and Vm. However, by taking the reciprocal of the
Michaelis-Menten equation, we obtain Equation 2.6.6, also known as the Lineweaver-Burk
equation [34].
Equation 2.6.6:

=

[ ]

+

By graphing this equation, we are able to extract values for K m and Vm. This is called a
Lineweaver-Burk plot, or double-reciprocal plot. An example of this plot is shown in
Figure 2.6.2 [35].

21

Figure 2.6.2: Lineweaver-Burk Plot
Note. Adapted and modified with permission from [35].
By utilizing Equations 2.6.2 and 2.6.5 to calculate v and [S] from [P] collected at different
time intervals, a Lineweaver-Burk plot can be used to determine K m and Vm.
Cell Proliferation
In addition to the synthesis of product from the cells, additional cells are also
created. The general equation for mass balance for microbial mass generation is shown as
Equation 2.7.1a and Equation 2.7.1b [22].
Equation 2.7.1a:
Equation 2.7.1b:

𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝑠 + 𝑐𝑒𝑙𝑙𝑠 → 𝑒𝑥𝑡𝑟𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 𝑚𝑜𝑟𝑒 𝑐𝑒𝑙𝑙𝑠
∑ 𝑆 + 𝑋 → ∑ 𝑃 + 𝑛𝑋

where ΣS is the summation of all substrates utilized in product synthesis and cell growth,
X is the initial number of cells, ΣP is the summation of all products formed, and nX is the
total number of cells after cell growth.
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The rate of microbial growth can be measured by the specific growth rate. This is
calculated using Equation 2.7.2 [22].
Equation 2.7.2:

𝜇

=

=𝜇 −𝑘

where μnet is the specific growth rate in h-1, X is the cell mass concentration in g/L, t is time
in hours (h), μg is the gross specific growth rate in h-1, and kd is the rate of loss of cell mass
due to cell death or endogenous metabolism in h-1. Cell mass concentration can be
determined by measuring the dry weight of the cellular mass.
Additionally, this can also be defined by the cell number concentration with
Equation 2.7.3 [22]. The cell number concentration can be measured utilizing a
spectrophotometer.
Equation 2.7.3:

𝜇 =

where μR is the net specific replication rate in h-1, N is the cell number concentration, and
t is the time in hours.
The specific rates of substrate consumption and product formation can be calculated
with similar empirical equations as the specific rate of growth. These are shown as
Equation 2.7.4a and 2.7.4b, respectively [22].
Equation 2.7.4a:

𝑞 =−

=−

∆
∆

where qS is the specific rate of substrate consumption in (g of substrate)/(g biomass-h), and
S is the concentration of substrate in g/L.
Equation 2.7.4b

𝑞 =−

=−

∆
∆

where qP is the specific rate of product formation in (g of product)/(g biomass-h), and P is
the concentration of product in g/L.
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These relationships are important in determining the growth patterns and doubling
time of the cell mass, which is imperative in determining an approximation for steady state
operation of the bioreactor. For referencing purposes, Figure 2.7.1 represents the growth
curve of S. cerevisiae on yeast extract-peptone-dextrose (YPD) media at 30°C for 12 hours
with data measurements of the optical density of the culture media every 2 minutes [36].

Figure 2.7.1: Growth Phases of S. cerevisiae
Note. Adapted with permission from [36]. Copyright BioTek 2010.
The growth curve shows four of the five phases of growth. Between 0 and 2 hours, the
growth is in its lagging phase. This is the phase at which the cells are undergoing “a period
of adaptation” to the new environment. Between 2 and 7 hours, the growth is in its
exponential phase, or log phase. This is an exponential increase of cell mass in the reaction
broth. Between 7 and 8 hours, the growth is undergoing the deceleration phase. The is the
phase at which the cells lack the essential nutrient to continue growth, or a toxic substance
is preventing growth. This is commonly called the maximum carrying capacity for the
environment in which the cells reside. Between 8 and 12 hours, the growth is characterized
as the stationary phase. This is where the cells no longer replicate, as they do not have
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enough nutrients to perform the replication process. Instead, the cells focus on creating
energy and, thus, synthesizing products. Finally, the last phase occurs after the stationary
phase. This phase is not shown in Figure 2.7.1, but this is defined as the death or decline
phase, as the cells begin to die due to the lack of nutrients needed for their survival [22].
Growth curves for microorganisms are dependent on the culture media and size
constraints of the reactor, as this will change the maximum carrying capacity of the reactor
and, thus, the growth curve. Creating a growth curve can be done in several ways. First,
the optical density of the cells in the culture media can be determined with a
spectrophotometer at a wavelength of 600 nm. A 600 nm wavelength is utilized, as this
wavelength of light will not damage or hinder the growth of the cells in the culture media,
and data collected at this wavelength is reliable and reproducible compared to other
wavelengths [37]. If a spectrophotometer is not available, growth curves can be created by
measuring the dry cellular weight of a portion of the culture media. This is done by
centrifuging a portion of the culture broth, removing the live cells at the bottom of the
centrifuge tube, drying the live cells, and weighing the resulting product [22]. However,
this method can be inaccurate, as the mass of each cell is not constant due to differences in
cellular size and absorbed nutrients within the cell. Finally, cells can be incubated in their
culture media under controlled conditions and counted utilizing a hemocytometer. This
allows you to calculated the number of live cells per milliliter of culture media [38,39].
During the lagging phase, the doubling time of the cells can be calculated. This is
the time required to double the cell mass concentration in the reaction broth and is
important when determining the end of the lagging phase and beginning of the stationary
phase. This can be calculated with Equation 2.7.5a and Equation 2.7.5b [22].
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Equation 2.7.5a:

( )

𝜏 =

where τd is the doubling time based on cell mass concentration.
Equation 2.7.5b:

( )

𝜏 =

where τ’d is the doubling time based on the cell number concentration.
During the exponential growth phase, we can also calculate the maximum specific
growth rate, μmax. This is typically modeled with the Monod equation, shown as Equation
2.7.6 [22].
Equation 2.7.6:

[ ]

𝜇 =

[ ]

where μmax is the maximum specific growth rate when [S] >> Ks, and Ks is the saturation
concentration or half-velocity constant.
During the exponential growth phase, endogenous metabolism can be assumed to
be negligible. Due to this, μg = μnet during this phase of growth. Additionally, Ks is equal
to S when μg = ½μmax. Given these relationships, Equation 2.7.6 can be rewritten as
Equation 2.7.7a for S >> Ks and Equation 2.7.7b for S << Ks [22].
Equation 2.7.7a:

𝜇

=𝜇

𝜇

=

where [S] >> Ks.
Equation 2.7.7b:

[ ]

where [S] << Ks.
Oxygen Utilization
Oxygen is an important molecule in cell proliferation. This allows for the full
utilization of energy creation in the cells and, thus, allows for more energy to be created
from the substrate. However, fermentation cannot occur in the presence of oxygen, so
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ethanol will not be produced. Oxygen is primarily utilized to allow the cells to proliferate
until they reach a sufficient cell concentration to produce a high concentration of ethanol
during fermentation. This creates a balance where the yield of product from substrate is
maximized by changing the yield of cell mass from substate and the yield of cell mass from
oxygen. The yield equations for these are denoted as Equation 2.8.1, Equation 2.8.2, and
Equation 2.8.3, respectively [22].
Equation 2.8.1:

𝑌

/

=−

∆
∆

where YP/S is the product yield coefficient.
Equation 2.8.2:

𝑌/ =−

∆
∆

where YX/S is the growth yield coefficient during anaerobic respiration, or fermentation.
Equation 2.8.3:

𝑌/

=−

∆
∆

where YX/O2 is the growth yield coefficient during aerobic respiration.
During fermentation, the balance between aerobic and anaerobic fermentation can
be determined by calculating the oxygen transfer rate (OTR) in the reaction broth and the
oxygen uptake rate (OUR) by the cells. OTR is calculated using Equation 2.8.4 and OUR
is calculated using Equation 2.8.5 [22].
Equation 2.8.4:

𝑂𝑇𝑅 = 𝑘 𝑎(𝐶 ∗ − 𝐶 )

where kL is the oxygen transfer coefficient in cm/L, a is the gas-liquid interfacial area in
cm2/cm3, C* is the saturated DO concentration in mg/L, and CL is the actual DO
concentration in mg/L.
Equation 2.8.5:

𝑂𝑈𝑅 = 𝑞 𝑋 =
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/

where qO2 is the specific rate of oxygen consumption in (mg O2)/(g dry weight of cells-h),
and X is the dry cell mass concentration in (g dry weight cells)/L.
If the actual concentration of oxygen in the reaction broth, C L, is known, OTR can
be calculated by finding the values for kL, a, and C*, as they are constants for the specified
broth and bubble diameter. However, OUR can be quite troublesome to calculate, as the
values utilized to calculate this are harder to determine. However, there is a method to
determine OUR graphically, termed the dynamic method. By turning off the sparger in the
bioreactor, the cells rapidly utilize the DO in the broth. The slope of this line is the q O2.
Once the sparger is turned back on, the slope will begin to rise. However, due to the
utilization of oxygen to maintain life, grow, and produce products within the cells, it will
take time for the system to return to steady state after oxygen is reintroduced into the
system. The midpoint of this positive slope is the differential C L over the differential time,
t. Figure 2.8.1 shows a depiction of the graph in the described process [40].
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Figure 2.8.1: Determination of qO2 and CL from DO Graph
Note. Adapted with permission from [40]. Copyright Elsevier Inc. 2008.
Formulating an Undergraduate Bioreactor Laboratory
The goal of the project is to utilize the background information provided to create
an undergraduate laboratory to advance learning in bioreactor operation, analysis, and
design. To complete this task, completion of the bioreactor setup, a written procedure for
utilization of the system, and collection of baseline data for the bioreactor system and
laboratory were imperative for its utilization in the undergraduate curriculum.
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Methods and Materials
Materials
For the proposed laboratory experiment, a BIOSTAT© M reactor, a jacketed,
continuous-stirred batch reactor, with a 1.5 L working volume manufactured by Sartorius
will be utilized. PASCO sensors will be utilized to take measurements of the fermentation
reaction within the reaction vessel. Temperature, pH, and pO2 will be measured utilizing
these sensors. These are attached to a PASPORT© Xplorer GLX by PASCO and analyzed
with the SPARKvue© data analysis package by PASCO. Figure 3.1.1 shows the setup of
the bioreactor system. In Figure 3.1.1, box 1 is the BIOSTAT © M reactor unit, box 2 is the
BIOSTAT© controller, box 3 is the recycled, warm water bath for temperature control, box
4 is the PASPORT© Xplorer GLX unit, and box 5 is a desktop loaded with the SPARKvue ©
data analysis package.
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Figure 3.1.1: BIOSTAT© M Bioreactor Unit Configuration
Ethanol concentration will be measured with an ATAGO® digital refractometer
(Model # PAL-34S). Solutions will be centrifuged with a benchtop centrifuge prior to the
measurement of the ethanol concentration. If a benchtop centrifuge is not available in the
laboratory, solutions will be centrifuged in a Beckman J2-HC centrifuge with supervision
by the laboratory instructor. The centrifuge should be operated at 200g for 10 minutes
[41,42]. The temperature within the reactor will be kept at a constant temperature by

31

utilizing a heated water bath and pump to feed the warmed water to the jacketed reactor.
pH will be held constant by utilizing dosing pumps attached to the BIOSTAT © M reactor
system. An operating manual for the BIOSTAT © M reactor system was referenced for
utilization of the bioreactor [43].
Saf-instant instant dry yeast from Lesaffre will be utilized as the microorganism for
fermentation. This has an ethanol production of 4-8% by volume [44]. 1 M potassium
hydroxide (KOH) and 1 M hydrochloric acid (HCl) will be utilized by the dosing pump to
regulate the pH. Molasses will be utilized as the substrate for the reaction. Deionized (DI)
water will be utilized for all solutions.
Methods
100 mL of molasses will be mixed with 800 mL of DI water to create the
fermentation broth in a glass beaker. This will then be sterilized for 15 minutes in an
InstaPot Duo pressure cooker using the Steam setting at high pressure and high
temperature. Once completed, the solution will be cooled to room temperature. The
jacketed reactor will be sterilized for 15 minutes in a InstaPot Duo pressure cooker using
Steam setting at high pressure and high temperature and allowed to cool. The reactor lid
will be sterilized for 30 minutes in an InstaPot Duo pressure cooker using the Steam setting
at high pressure and high temperature and allowed to cool. The measurement probes will
be disinfected with a no-rinse cleaning solution of water and San Star acid sanitizer. The
Saf-instant instant dry yeast will then be activated in 100 mL of warm water and 5 mL of
the sanitized fermentation broth
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Once sanitization is complete, the bioreactor will be filled with the fermentation
broth and attached to the BIOSAT© M bioreactor unit. The probes will be attached to the
BIOSTAT© M bioreactor unit, and both the unit and controller will be turned on. The water
bath will be heated to 70-90°F, and the circulation unit will be attached to the jacket of the
reactor. The circulating pump will be turned on, and the bioreactor will be allowed to reach
the desired temperature. The sparger will be turned on by opening the main compressed air
valve and adjusting the flowrate of the air with the flowmeter. The agitator will be set to
the desired revolutions per minute (rpm) and allowed to mix for 15 minutes or until a steady
temperature within the reactor is reached. The flowrate of air and the speed of the mixer
will be determined by the instructor. pH will be manually adjusted to the desired pH. The
yeast solution will then be added to the bioreactor. SPARKvue © will then be opened on the
computer, and initial measurements of the pH, pO2, Temperature, and ethanol
concentration were recorded. The measurements will then be set to record, and the
bioreactor left running for an allotted period of time to ensure the cells reached a stationary
phase of growth.
After the time allotted had passed, measurements of the pH, pDO, temperature, and
ethanol concentrations will be recorded several times at 5-minute increments. Additionally,
the sparger will be turned off and on to measure the change in pDO in the reactor. The data
recorded by the SPARKvue© data analysis software will be exported as an Excel document
for later use in data analysis.
Once data is collected, the bioreactor will be shut down, and the reaction vessel
removed from the BIOSTAT© M bioreactor unit. The reacted fermentation broth was
poured into a 1000 mL beaker, and the fermentation broth, bioreactor unit, measurement
33

probes, and tools will be sterilized. A proposed laboratory manual utilized for this
experiment is shown in Appendix A.
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Discussion and Results
Design of Bioreactor Setup
To prepare the reactor for operation, the “Report of the improvement of jacketed
bioreactor” by Zachary Courtney (2018) was referenced to determine a starting point for
repairing the reactor to operating conditions [45]. From this document, several problems
were determined. The first problem noted was the existence of two major leaks within the
reactor unit. The first leak was identified around the pump housing, which flooded the
inside of the reactor and surrounding area. The second leak was identified from the heat
exchanger shell. It was identified in the report that this occurred at high water flowrates.
The second problem was that the stirring drive needed grease to reduce strain on the motor
[45].
To address the problems noted in the document, three BIOSTAT © M reactor units
underwent general operating tests to determine their viability in the project. These
operating tests included operation of the internal mixer and peristaltic pumps to ensure the
motors was operational, operation of internal heating and cooling systems to ensure the
internal tubing and piping did not present hazards due to fluid leakage, and control panel
and knob tests to ensure the control panels and fluid knobs on the reactor unit operated
correctly. Of the three reactor units, one reactor unit was deemed acceptable based on the
operating tests. Figure 4.1.1 shows the original reactor setup before further changes were
made to the reactor unit.
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Figure 4.1.1: Bioreactor Unit Starting Point
Once a reactor unit was identified from the general operating tests, the reactor unit
was analyzed further to determine the necessary tools, parts, and equipment necessary for
operation. First, original inlet and outlet tubing ports were not correctly installed, were
missing, or did not meet the desired specification for tubing diameter. These were replaced
and correctly installed to allow for the connection of tubing of the correct diameter. Second,
the drive belt connecting the internal motor to the reactor mixer was disintegrated, as it was
an outdated wax pressed belt with a coiled wire core installed by the manufacturer. This
was replaced with a modern, synthetic drive belt. Third, the existing tubing was replaced
with correctly sized tubes purchased from Cole-Parmer. Tubing was connected to their
respective ports and affixed with stainless steel tubing clamps.
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Once general repairs were completed, the temperature controller was tested to
determine its operating condition. To test this, the reaction vessel was filled with water and
mounted to the reactor unit. Water was then gravity feed from the main water line to the
reactor unit. This was allowed to enter the reactor jacket and circulate through the unit.
Once circulating, the temperature controller was turned on and set to 40.0°C. Water was
allowed to circulate through the system for one hour to reach steady state. Temperature
readings were taken with a thermometer to determine the initial and final temperatures of
the water in the reaction vessel. From this test, it was determined that the temperature
control system was inoperable, as the temperature did not change from the initial
temperature reading. After further troubleshooting and analysis, it was determined that the
root cause of the inoperable temperature control system could not be determined. This was
due to several reasons.
First, disassembly of the water heater could not be completed due to the
interconnectedness of the internal piping and electrical components in the reactor. The
manufacturer was contacted to obtain copies of the process flow diagram, internal layout
diagram, and electrical diagrams of the reactor unit. However, no response was received
from the manufacturer regarding these documents. Disassembly of the reactor unit without
these documents has the potential to impact the integrity of the reactor system, causing
leaks and reassembly issues. Figure 4.1.2 shows the internals of the bioreactor unit.
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Figure 4.1.2: Bioreactor Internals
Second, surface examination of the internals showed a problem with the suspected
internal fluid temperature system. Examination of the temperature probe connected to the
heating system showed two problems. First, the external casing on the temperature probe
was cracked. Second, the temperature probe was not affixed properly to the heating unit.
This causes the probe to fall out of this socket, making it unable to take accurate
temperature readings of the incoming fluid and heating unit. Figure 4.1.3 shows the
suspected heating unit within the reactor unit. Third, a capacitor was blown on one of the
computer boards. This was replaced but did not change the operation of the bioreactor.
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Figure 4.1.3: Internal Heating Unit
Third, Deutsches Institut für Normung (DIN) connectors were missing for the
connection of the reactor unit to the reactor controller. Due to this, temperature readings
could not be measured from the thermometer on the control panel. While this does not
necessitate a problem in itself, as the thermometer is feeding information directly to the
temperature controller on the reactor unit, it could not be determined as to whether the
thermometer was operational due to the absence of temperature data on the control panel.
Thus, the operational status of the thermometer could not be ruled out for the potential
causes in the inoperability of the temperature control system. Figure 4.1.4 shows the DIN
connectors and connector ports on the reactor unit and reactor controller.
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Figure 4.1.4: Reactor Unit and Controller DIN Ports and Connectors
Due to the inability to determine the root cause of the temperature controller failure,
it was determined to utilize an external form of temperature control. This was designed
with several components. An IKA® RCT Basic hotplate with magnetic stirring capabilities
is utilized to heat water in a 1000 mL beaker to 70-90°F. A PULACO PL-118 submergible
pump feeds the warmed water to the bottom of the reactor jacket. The water then leaves
the reactor jacket from the top port and is recirculated to the beaker. A thermometer
connected to the hotplate heats the water to the desired temperature to maintain the jacket
temperature. Figure 4.1.5 shows the external temperature control unit and diagrams the
inlet and outlet flow of water.
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Figure 4.1.5: External Temperature Control System
To design the inlet air system utilized for the reactor unit, Dr. Alireza Asiaee was
contacted to discuss recommendations for the air system. It was determined that ½ inch
galvanized steel pipes would need to be installed into the main compressed airline to make
the compressed air available to the reactor unit. Additionally, it was determined that a
compressed air pressure regulator and compressed air filter would need to be fitted to the
pipes to filter a mixture of water and solid particulate from the main compressed airline.
Due to the amount of water and solid particulate in the main compressed airline, an
automatic draining, coalescing, compressed air filter from Milton ® Industries Inc. (Model
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#: 1037). This was installed upstream from the compressed air pressure regulator. To filter
the remaining water and solid particulate that passes through the filter, a SPEEDAIRE ®
Filter/Regulator (Model #: 4ZK97A) was installed downstream from the compressed air
filter. From the outlet of this unit, high pressure soft plastic tubing was installed, feeding
air from the filtered, pressure-controlled airline to the reactor unit. This tubing is rated for
a maximum allowable working pressure (MAWP) of 270 psi at 72°F. Figure 4.1.6 shows
the designed air system.

Figure 4.1.6: Designed Compressed Air System for Reactor Unit
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In addition to the filtration system on the main compressed airline entering the reactor, a
0.2 µm PFTE filter disc by Omicron was installed between the outlet compressed air port
and sparger entering the reactor vessel. This is shown in Figure 4.1.7.

Figure 4.1.7: Installed Filter Disc
To streamline the collection of data, it was determined that a modern data collection
system should be utilized to interface the bioreactor system with data analysis software.
With the availability of a PASPORT© Xplorer GLX by PASCO, it was determined that
PASCO instruments and software would be utilized to provide the interface between the
bioreactor system and data analysis software. pH, pDO, and temperature probes were
purchased for the PASPORT© Xplorer GLX. Additionally, the SPARKvue© data analysis
software was purchased. These probes were added to the bioreactor from the top of the
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reaction vessel. Figure 4.1.8 shows the setup of the probes. Due to the size of the pDO
probe, it cannot be immersed in the reactant broth. However, it will be utilized to take
measurements of the oxygen concentration in the overhead air in the reactor. The onboard
pDO probe connected to the BIOSTAT© M will be utilized to take measurements of the
dissolved oxygen concentration in the reactor broth.

1.

Bioreactor pH Probe

8.

PASCO Temperature Probe

2.

Addition Ports for Peristaltic Pumps

9.

Plugged Port

3.

Sparger

10. Plugged Port

4.

Mixer Shaft

11. Plugged Port

5.

PASCO pH Probe

12. Sample Port

6.

PASCO pDO Probe

13. Exhaust Gas Cooler

7.

Bioreactor pDO Probe

Figure 4.1.8: Overhead Layout of Reactor Lid
By combining all of the above steps, the bioreactor setup was completed. Figure
3.3.1 shows the completed bioreactor unit configuration.
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Conclusions and Recommendations
After designing the laboratory setup and proposed laboratory manual, it was
concluded that the bioreactor unit was operational, and laboratory experiments could be
conducted with the bioreactor unit. All necessary equipment was installed for the bioreactor
to ensure safe operation, and necessary safety precautions were identified to ensure the safe
utilization of the bioreactor. While baseline data was not collected for the proposed
laboratory experiment, operating conditions and procedures have been identified to
streamline the process of collecting baseline data for the laboratory. Once baseline data has
been collected and necessary edits have been made to the laboratory manual by instructors,
the laboratory experiment can be implemented into the chemical engineering and
biomedical engineering curriculum.
Before utilization of the bioreactor, several tasks have been identified to allow for
full operation of the bioreactor unit.
First, the BIOSTAT© M pH and pDO probes should be serviced to ensure accurate
measurements are recorded by these probes. For the pH probe, the fluid inside the probe
should be changed and refilled. For the pDO probe, the membrane on the probe should be
changed before utilization. Additionally, the probes should be calibrated with the controller
to provide accurate measurements after the probes have been serviced. The operating
manual for the BIOSTAT© M outlines the operation of the bioreactor unit and details the
servicing and calibration procedure for the probes [43].
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Second, baseline data should be collected from the bioreactor to determine the
growth curve for the reactor and data for the exponential phase of growth. This will allow
the time to be determined to reach the stationary phase of growth and will allow students
to perform the required calculations as per the proposed laboratory manual. Data for the
growth curve should utilize the cell mass method. To create the growth curve, samples
should be taken from the bioreactor in one-hour increments, centrifuged, and the dry cell
mass should be recorded. This will give a rough estimate of the total cell mass within the
reactor and allow for the plotting of the growth curve. Steps for this are outlined in the
proposed laboratory manual in the “Collection of cell mass data” section. Similarly, data
for the exponential phase can be collected at the same time by recording the ethanol
concentration from the collected samples.
Third, it is recommended for DIN cables be found or purchased for the remaining
DIN ports. A second controller is located in the laboratory that has the exact ports as the
bioreactor. This controller was not utilized in the initial setup of the bioreactor, as the
channel display requires turning a knob to view each set of data collected by the probes.
As the DIN cables were missing, this controller could not be utilized to its full capacity, so
the controller was switched to a similar model from another BIOSTAT © M reactor unit.
Fourth, the pDO probe for the PASCO unit is too large to fit into the bioreactor lid
and, thus, cannot be submerged in the reactor broth. Three recommendations are made for
this. First, a pDO probe from another manufacturer can be utilized. However, this will
require the current PASCO probe system to be discontinued, and another system is utilized
to collect data. Second, the pDO probe can be replaced with a CO 2 probe. While pDO will
not be able to be graphed automatically with this option, this will allow students to analyze
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the differences between CO2 and ethanol production. This will allow students to understand
why the measurement of certain products is important and will allow the collection of data
to be streamlined for the product, given that the bioreactor is operated in such a way that
CO2 is only created through the utilization of the fermentation pathway by the yeast. Third,
a calibration curve relating the pDO values in air and within the bioreactor broth can be
created to make correlations between the DO in the liquid and overhead. This will allow
for utilization of the pDO meter in the overhead.
Fifth, it would be ideal to utilize the internal temperature controller rather than the
external temperature controller. It is recommended to determine the root cause of the
temperature controller failure, determine a solution, and discontinue the external
temperature control system.
Sixth, centrifugation may not be required for the laboratory experiment.
Refractometers utilize the principles of refraction of light as it travels into a fluid. Based
on the ethanol concentration in the liquid, the refractive index of the fluid changes, and
ethanol concentration can be determined from the angle of refraction. Due to the sugar and
microbial concentration in the bioreactor broth, it is uncertain as to whether these additional
components will interfere with the measurement produced by the refractometer. It is
recommended to collect a solution from the bioreactor, as described in the proposed
laboratory, and test the refractometer with and without centrifugation of the solution.
Seventh, instead of measuring cell growth by centrifuging solutions and
determining the dry cell mass within a specified sample volume, other methods can be
utilized to measure the cell density. One such method, which utilizes a spectrophotometer,
provides accurate results without the need for centrifugation or drying of the bioreactor
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broth. If it is determined that centrifugation is not required for measuring ethanol
concentration with the refractometer, utilization of a spectrophotometer will eliminate the
need for the utilization of a centrifuge in the laboratory. However, this would require the
purchasing of a handheld spectrophotometer, as one is currently not available in the
laboratory for use.
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Stirred-Tank, Jacketed
Bioreactor
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BACKGROUND
Bioreactors, also known as fermenters, are used extensively in food, alternative fuel, and
pharmaceutical

industries,

as

they

provide

well-controlled

environments

for

microorganisms to cultivate and synthesize products. In the bioreactor, the starting
materials (substrate) are metabolized by microorganisms to promote cellular growth and
division and produce products. The internal environment of the bioreactor must be
controlled to allow for the microorganisms to thrive and produce the desired product(s).
The controlled conditions include pH, temperature, dissolved oxygen (DO) concentration,
and substrate concentration.

STUDENT LEARNING OUTCOMES:
At the end of this experiment, students will be able to:


Identify the basic components necessary for bioreactor operation



Demonstrate understanding of design and functional principles of bioreactors



Apply Monod cell growth kinetics and Michaelis-Menten kinetics concepts to obtain
data on yeast culture and ethanol production



Analyze bioreactor measurements, such as cell growth rate, product formation, oxygen
transfer and uptake rate, and yield of product and cellular mass



Assemble relevant bioreactor measurements to critically assess bioreactor, cell culture,
and product formation performance
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GENERAL THEORY
Bioreactors are vessels in which a chemical process is carried out which involves
organisms, or biochemically active substances derived from such organisms, to produce a
product. In a bioreactor, substrate compositions steadily decline due to the utilization of
said substrate to increase cellular mass and produce products. To ensure the bioactivity of
the organisms in the bioreactor, the internal environment in the reaction vessel must be
controlled. Thus, temperature, pH, and pDO must be measured and controlled to provide
optimal conditions for cellular growth and product formation.
To determine optimal conditions for cellular growth and product formation, operating
conditions are evaluated in a laboratory setting when optimal conditions are not known.
Once known, growth curves can be produced, similar to the one shown below in Figure 1.

Figure 1: Example Cell Growth Curve

These curves allow engineers to determine the growth cycle of organisms within the
bioreactors, allowing substrate addition to be changed to operate at a specific point in the
growth cycle. For experimental purposes, the substrate will not be added during the
experiment to allow for the evaluation of product synthesis during the stationary phase of
the growth cycle. During this phase, the cells no longer replicate, as they do not have
enough nutrients to perform the replication process. Instead, the cells focus on creating
energy and, thus, synthesizing products. This will allow us to assume steady-state
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conditions in the reactor, as the substrate is only utilized to synthesize ethanol to create
energy and maintain basic cellular processes.
Below is shown a reaction scheme for the production of ethanol from the substrate glucose
along with Equation 1, which is utilized to find the concentration of substrate at time, t,
given the current concentration of product, for the reaction scheme shown.
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2𝐴𝐷𝑃 + 2𝑃 → 2 𝐸𝑡ℎ𝑎𝑛𝑜𝑙 + 2 𝐶𝑎𝑟𝑏𝑜𝑛 𝐷𝑖𝑜𝑥𝑖𝑑𝑒 + 2 𝐴𝑇𝑃
[𝑆] = [𝑆 ] − [𝑃]

(1)

where [S] is the concentration of substrate at time, t, [S0] is the initial concentration of
substrate at time zero, and [P] is the concentration of product at time, t.
The conversion of glucose to ethanol requires several enzymes, or biological catalysts, to
assist with the conversion and allow for the intermediate components in the reaction
pathway to be created. Figure 2 shows the full reaction pathway for the creation of ethanol
from glucose. Reactants are shown in black, enzymes in purple, and the product (ethanol)
in red.

Figure 2: Reaction Pathway for Ethanol Production

57

When modeling a bioreactor, we often want to know the rate of product formation and the
maximum rate of production formation for set conditions in the bioreactor. However, the
absolute number of enzymes utilized in the bioreactor is often unknown. Therefore,
assuming our reaction occurs at high concentrations of substrate when the enzymes are
saturated, or all of the enzymes are occupied by substrates, we can model the reaction
within our cells with Michaelis-Menten kinetics, or saturation kinetics. By modeling the
reaction kinetics within the bioreactor, we can determine these parameters. The following
equation, called the Michaelis-Menten equation, can be used to model the reaction kinetics:
𝑣=

[ ]

[ ]

=

[ ]

(2)

where v is the rate of product formation, or reaction velocity, t is the time, [P] is the
concentration of the product at time t, Vm is the maximum reaction velocity, [S] is the
concentration of substrate at time t, and Km is the Michaelis constant.
When graphed, this equation produces a logarithmic curve. As this is not ideal for
determining unknown parameters, the Lineweaver-Burk equation, shown below, can be
used to produce a linear curve. An example of the graphed Lineweaver-Burk equation is
also shown below in Figure 3.
=

[ ]

+

Figure 3: Lineweaver-Burk Plot
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(3)

In addition to modeling the reaction kinetics, the specific growth rate and specific rates of
consumption of substrate and production of product can be calculated using Equations 4,
5, and 6.
𝜇

=

=𝜇 −𝑘

(4)

where μnet is the specific growth rate in h-1, X is the cell mass concentration in g/L, t is time
in hours (h), μg is the gross specific growth rate in h-1, and kd is the rate of loss of cell mass
due to cell death or endogenous metabolism in h-1. Cell mass concentration can be
determined by measuring the dry weight of the cellular mass.
𝑞 =−

=−

∆
∆

(5)

where qS is the specific rate of substrate consumption in (g of substrate)/(g biomass-h), and
S is the concentration of substrate in g/L.
𝑞 =−

=−

∆
∆

(6)

where qP is the specific rate of product formation in (g of product)/(g biomass-h), and P is
the concentration of product in g/L.
As can be seen, the specific rates are based on cellular mass, while the reaction kinetics are
based on the enzyme-catalyzed reaction. Due to this, the Michaelis-Menten kinetics can
determine the reaction velocity based on the assumption that the enzymes are saturated
with substrate and the specific rates can determine a standardized rate value based on
biomass.
Given data from the logarithmic growth phase, we can also calculate the maximum specific
growth rate, μmax. This is typically modeled with Equation 7, called the Monod equation.
[ ]

𝜇 =

[ ]

(7)

where μmax is the maximum specific growth rate when [S] >> Ks, and Ks is the saturation
concentration or half-velocity constant.
During the logarithmic growth phase, endogenous metabolism can be assumed to be
negligible. Due to this, μg = μnet during this phase of growth. Additionally, K s is equal to S
when μg = ½μmax. Given these relationships, Equation 7 can be rewritten as Equation 8a
for S >> Ks and Equation 8b for S << Ks.
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𝜇

=𝜇

𝜇

=

(8a)

where [S] >> Ks.
[ ]

(8b)

where [S] << Ks.
Oxygen is an important molecule in cell growth. This allows for the full utilization of
energy creation in the cells and, thus, allows for more energy to be created from the
substrate. However, fermentation cannot occur in the presence of oxygen, so ethanol will
not be produced. Oxygen is primarily utilized to allow the cells to proliferate until they
reach a sufficient cell concentration to produce a high concentration of ethanol during
fermentation. This creates a balance where the yield of product from substrate is
maximized by changing the yield of cell mass from substate and the yield of cell mass from
oxygen. The yield equations for these are denoted as Equation 9a, Equation 9b, and
Equation 9c, respectively.
𝑌

/

=−

∆

(9a)

∆

where YP/S is the product yield coefficient.
𝑌/ =−

∆

(9b)

∆

where YX/S is the growth yield coefficient during anaerobic respiration, or fermentation.
𝑌/

=−

∆
∆

(9c)

where YX/O2 is the growth yield coefficient during aerobic respiration.
During fermentation, the balance between aerobic and anaerobic fermentation can be
determined by calculating the oxygen transfer rate (OTR) in the reaction broth and the
oxygen uptake rate (OUR) by the cells. OTR is calculated using Equation 10 and OUR is
calculated using Equation 11.
𝑂𝑇𝑅 = 𝑘 𝑎(𝐶 ∗ − 𝐶 )

(10)

where kL is the is the oxygen transfer coefficient in cm/L, a is the gas-liquid interfacial area
in cm2/cm3, C* is the saturated dissolved oxygen (DO) concentration in mg/L, and C L is the
actual DO concentration in mg/L.
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𝑂𝑈𝑅 = 𝑞 𝑋 =

/

(11)

where qO2 is the specific rate of oxygen consumption in (mg O2)/(g dry weight of cells-h),
and X is the dry cell mass concentration in (g dry weight cells)/L.
OUR and OTR can be evaluated graphically in the event that empirical constants are not
known. This is done my turning off the oxygen supply to the cells in the reactor vessel and
recording the DO concentration over time. An example of the graphical solution is shown
in Figure 4.

Figure 4: Graphical Solution to Determine OUR and OTR
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OBJECTIVES:
To perform this experiment, you must:
1. Sanitize and operate the bioreactor unit
2. Collect pDO, product concentration, and dry cell mass data
3. Dispose of chemical waste and sanitize equipment
4. Perform the necessary calculations (located in the “Deliverables” section)

OPERATION/APPARATUS:

1.
2.
3.

Bioreactor Unit
Bioreactor Controller
External Temperature Control Loop

4.
5.

Figure 5: Bioreactor System
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PASCO Probe Interface
SPARKvue Interface

BIOREACTOR CONTROL PANEL

The control panel controls the pH conditions within the bioreactor vessel and shows the
pDO of the reactor broth within the bioreactor. Additional controls for mixing speed
(rotations per minute, rpm), internal temperature control, and dosing pump control are
found on the top right of the main bioreactor unit.

Figure 6: Internal Bioreactor Controls

Each control panel can be powered on by filling the power switch at the top of the panel to
the right. Once powered, the switch will glow green.
The channel display panel on the left of the controller shows internal measurements for the
temperature, mixer rpm, pH, and % pDO. Only pH and pDO leads are connected to the
controller, so these measurements may be read from the channel display panel.
The pH meter panel controls the calibration of the pH meter. This unit should be turned on
to analyze pH and allow for pH control. The knobs and switches controlling the calibration
should only be used to calibrate the pH probe.
The pH control analyzes the measured pH from the pH meter and sends signals to the
peristaltic pumps to control the pH. The pH controller should be changed to the desired pH
for control. The pH Dead-Band should not be moved from its position once calibrated. The
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switch between the alkali and acid lights allows for manual control of the pH during startup or when manual pH control is needed.
The additive counter panel shows the number of drops of acid and alkali that have been
added to the bioreactor. The counters for each chemical can be reset by flipping the switch
on the panel towards the desired chemical listed.
Finally, the pDO meter panel controls the calibration of the pDO meter. This unit should
be turned on to analyze pDO. The knobs and switches controlling the calibration should
only be used to calibrate the pDO probe.
For this experiment, only the mixing speed in rpm should be turned on and adjusted to the
desired value. The dosing pump is not installed on the bioreactor, so it should not be turned
on. An external heat exchange unit is being utilized instead of the internal heat exchange
unit, so the temperature can remain off on the bioreactor unit.
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BIOREACTOR VESSEL

1.
2.
3.
4.

Lid with Probes
Lid Clamp
Cooling Jacket Outlet
Vessel Mixer

5.
6.
7.
8.

Bioreactor Vessel
Sparger
Bioreactor Jacket
Cooling Jacket Inlet

Figure 7: Bioreactor Vessel

The reaction materials will be placed in the bioreactor vessel. During operation, air will
enter the bioreactor reaction vessel through the sparger, the mixer will be turned on to the
desired speed, and cooling water will be entering and exiting the bioreactor jacket through
a warm water recycle loop.
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1.
2.
3.
4.
5.
6.
7.

Bioreactor pH Probe
Addition Ports for Peristaltic Pumps
Sparger
Mixer Shaft
PASCO pH Probe
PASCO pDO Probe
Bioreactor pDO Probe

8.
9.
10.
11.
12.
13.

PASCO Temperature Probe
Plugged Port
Plugged Port
Plugged Port
Sample Port
Exhaust Gas Cooler

Figure 8: Bioreactor Lid with Probes and Attachments

The bioreactor lid should be set up as shown above. Measurement and control probes
should be stored properly when the reactor is not in use. The bioreactor lid ensures outside
contaminants do not enter the bioreactor. Due to the air flowing through the sparger, the
exhaust gas cooler and sample port may remain open, as the air must leave the reactor to
remain at ambient pressure conditions. However, it is advisable to have filter discs installed
to the exiting ports of these units while in use, as this will filter any hazardous chemicals
entrained with the exiting fluid.

EXTERNAL TEMPERATURE CONTROL LOOP

The external temperature control loop is utilized to control the temperature in the bioreactor
vessel. This consists of a hotplate with magnetic stirring functions, a submersible water
pump, and inlet and outlet tubes to transfer the water to and from the bioreactor jacket.
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Figure 9: External Temperature Control Loop

Due to the recycle system utilized, the magnetic stirring function should not be utilized.
Since the water from the bottom of the unit is feed to the bioreactor jacket while the cooled
return is feed to the top, mixing is achieved during the circulation. The temperature can be
control by turning the temperature control knob to the desired temperature. The
temperature probe will monitor the actual temperature of the water and the hot plate will
adjust the temperature according to the reading. On startup of this unit, water will need to
be added periodically to the beaker, as the bioreactor jacket will need to be filled. Water
should be added to the beaker until the bioreactor jacket is filled. Once water begins
entering the beaker from the return tube, water can be added to the beaker until the water
reaches 800 mL in the beaker. This will ensure the pump does not become unsubmerged.
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FILTERED COMPRESSED AIR SYSTEM

Figure 10: Compressed Air Filter and Pressure Regulation

Figure 11: Compressed Air Flow Meter
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The filtered compressed air system is comprised of three major units: the compressed air
filter, compressed air pressure regulator, and compressed air flow meter. Compressed air
enters the compressed air filter to remove water and particulate from the air. This filter
automatically drains the water and particulate collected into the drains located in the floor.
The air then passes through a compressed air pressure regulator/filter to filter remaining
water and change the downstream pressure of the compressed air. The air leaving the
system enters the back of the bioreactor unit, where the flow into the sparger is controlled
by the flow meter.
The pressure from the pressure regulator does not need to be adjusted during the laboratory.
However, the bottom valve on the pressure regulator may be opened periodically when
liquid can be seen in the aluminum bowl. The flow of air may be adjusted to desired levels
during the experiment to change pDO values in the bioreactor vessel.

PASCO SENSORS AND INTERFACE

Figure 12: PASPORT Xplorer GLX

PASCO sensors are connected to a PASPORT Xplorer GLX interface. This provides
reading on the screen from the three attached probes. Probe leads should be attached to
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their respective ports at the top of the interface. The Xplorer GLX should be set to the 8channel setting to provide visualization of all measurements.
The Xplorer GLX is also interfaced with the SPARKvue data analysis software on the
laptop above the controller. This allows for the analysis of data through graphical
representation of the measurements collected.
DIGITAL REFRACTOMETER

Figure 13: ATAGO Digital Refractometer

To take measurements of ethanol concentration in the bioreactor broth, samples should be
collected in a centrifuge vial and centrifuged. The ethanol-water layer should be extracted
with a syringe and placed in the refractometer bowl. The ethanol concentration in the
sample will appear on the refractometer to provide the measurement of the product.
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SAFETY ISSUES:

This experiment has a number of hazards.


Rotating mixer; risk of injuries.
- Do not reach into the bioreactor vessel or mixer.
- Only operate the mixer if the mixer shaft and bioreactor lid are correctly
mounted on the bioreactor unit.



Corrosive caustic solution and irritant chemicals; contact with hydrochloric acid or
potassium hydroxide can cause severe burns or irritate the skin and eyes.
- Wear suitable protective gloves, safety goggle, laboratory coat, long pants, and
closed toe shoes.
- In case of contact with the skin: Wash skin with plenty of water.
- In case of contact with eyes: hold eyelids open and immediately rinse eyes with
plenty of water. Consult an ophthalmologist immediately.



Flammable solvents; vaporized ethanol can form explosive mixtures with air.
- Keep away from sources of ignition.
- Do not smoke.
- Ensure adequate ventilation



Hot plate and pressure cooker; risk of burns.
- Do not touch the hot plate when in operation.
- Do not touch beaker on hotplate when in operation.
- In case of minor burns: immediately cool the burned area with cool or lukewarm
running water for 20 minutes. Apply burn cream and a bandage and loosely
wrap the area in a sterile gauze bandage.
- In case of major burns: remove any jewelry, belts, or restrictive items around
burned areas. Use a cool, moist bandage or clean cloth to cover the burn. Elevate
the burned area, if possible. Call emergency services.



Biohazardous material; bioreactor broth is a biohazard and must be sterilized before
placing in water bin.
- Follow laboratory sterilization protocols to sterilize biohazardous waste.
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- Place all biohazardous material in the biohazard waste bin.
- Wash instruments thoroughly and sterilize equipment
- Wash hands before and after handling laboratory equipment and biohazardous
waste.

Figure 14: Laboratory Floor Plan
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EQUIPMENT:



Bioreactor Unit, BIOSTAT M



Laptop with SPARKvue software



PASCO Xplorer GLX



InstaPot Duo pressure cooker



1 hotplate



5 beakers (1 x 250 mL, 3 x 1000 mL, 1 x 2000 mL)



1 PASCO pH probe



1 PASCO pDO probe



1 PASCO temperature probe



1 digital refractometer



1 centrifuge



4 centrifuge tubes



2 syringes



3 single-use pipettes



2 Erlenmeyer flasks (100 mL)



1 balance



1 analytical oven



1 spatula



1 spray bottle for deionized water



2 volumetric flasks (1000 mL)



2 magnetic stir bars



1 roll of aluminum foil



1 pair of heat resistant gloves



2 graduated cylinders (1 x 100 mL, 1 x 1000 mL)



1 test tube rack



4 watch glasses



1 box of kimwipes
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MATERIALS:



Molasses



De-ionized (DI) Water



Active Dry Yeast (Saf-instant)



Hydrochloric Acid



Potassium Hydroxide



San Star acid sanitizer

PROCEDURE:

This experiment requires the acid/base solutions of hydrochloric acid and potassium
hydroxide at a concentration of 1.0 mol/L. If the available volumes of solutions in the
corrosive chemical cabinet are less than 100 mL, prepare the required solutions under the
fume hood as described in following and make sure the fan of the fume hood is on.

Preparing Acid/Base Solutions
Hydrochloric acid, 1.0 M
1. Measure 82.1 mL of the 37 wt% HCl in a graduated cylinder
2. Measure 250 mL of DI water in a graduated cylinder and add to a 1000 mL
volumetric flask
3. Slowly add HCl to volumetric flask
4. Adjust the final volume to 1000 mL with DI water
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Potassium hydroxide, 1.0 M
1. Weigh 27.0 g of solid KOH on a balance
2. Measure 250 mL of DI water in a graduated cylinder and add to a 1000 mL
volumetric flask
3. Add solid KOH to volumetric flask
4. Allow KOH to dissolve completely; add small amounts of DI water if KOH does
not dissolve
5. Once dissolved completely, adjust the final volume to 1000 mL with DI water

Bioreactor Broth Preparation

To prepare the bioreactor broth, a mixture of DI water and molasses must be added and
mixed together before the activated yeast can be added. This requires heating the water and
molasses to allow dissolution of the molasses in the water. The broth must then be
autoclaved to sterilize the solution. The steps for bioreactor broth preparation and
sterilization are as follows:
Broth Preparation
1. Measure 100 mL of molasses in a graduated cylinder
2. Measure 800 mL of DI water in a graduated cylinder
3. Add molasses and water to a 2000 mL beaker
4. Place beaker on a hot plate with magnetic stirring capabilities
5. Place magnetic stir bar in beaker
6. Turn on the magnetic stirring to create a small vortex in the fluid
7. Turn on the hot plate and set temperature to 80°C; do not allow solution to boil
8. Once molasses has dissolved, turn off the hot plate and allow solution to cool
9. Once cooled, remove the magnetic stir bar from the beaker
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Broth Sterilization
1. Transfer broth solution from the 2000 mL beaker to a 1000 mL beaker
2. Add 500 mL of DI water to the InstaPot pressure cooker
3. Wrap aluminum foil on beaker top and place in pressure cooker
4. Close the pressure cooker lid and turn the pressure valve on the lid to the closed
position
5. Press the “Steam” setting twice; the high pressure and high settings should be lit on
the control panel; if both are not lit, continue pressing the “Steam” setting until this
occurs
6. Adjust the time to 15 minutes and click “Start”
7. Once the time has elapsed, click “Cancel”
8. Turn the pressure valve on the lid to the open position to allow the pressure cooker
to depressurize
9. Once depressurized, remove the beaker with heat resistant gloves and allow beaker
to cool

Equipment Sterilization

To prepare the bioreactor for operation, the equipment must be sterilized. To sterilize the
equipment, follow the below steps:
Bioreactor vessel
1. Rinse the bioreactor vessel with soap water to remove any contaminants; ensure no
soap residue remains on the bioreactor
2. Add 500 mL of DI water to the InstaPot pressure cooker
3. Wrap aluminum foil on bioreactor top and place in pressure cooker
4. Close the pressure cooker lid and turn the pressure valve on the lid to the closed
position
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5. Press the “Steam” setting twice; the high pressure and high settings should be lit on
the control panel; if both are not lit, continue pressing the “Steam” setting until this
occurs
6. Adjust the time to 15 minutes and click “Start”
7. Once the time has elapsed, click “Cancel”
8. Turn the pressure valve on the lid to the open position to allow the pressure cooker
to depressurize
9. Once depressurized, remove the bioreactor with heat resistant gloves and allow the
bioreactor to cool
Bioreactor lid
1. Rinse the bioreactor lid with soap water to remove any contaminants; ensure no
soap residue remains on the lid
2. Add 500 mL of DI water to the InstaPot pressure cooker
3. Place the bioreactor lid in the pressure cooker
4. Close the pressure cooker lid and turn the pressure valve on the lid to the closed
position
5. Press the “Steam” setting twice; the high pressure and high settings should be lit on
the control panel; if both are not lit, continue pressing the “Steam” setting until this
occurs
6. Adjust the time to 30 minutes and click “Start”
7. Once the time has elapsed, click “Cancel”
8. Turn the pressure valve on the lid to the open position to allow the pressure cooker
to depressurize
9. Once depressurized, remove the bioreactor lid with heat resistant gloves and allow
the bioreactor lid to cool
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Measurement Probes
Sterilization of the measurement probes should be completed after the bioreactor vessel
and lid have been sterilized and reassembled.
1. Prepare a solution of San Star acid sanitizer as per instructions on the back of the
container
2. Rinse the probes in the solution
3. Allow probes to dry

Setting up the Bioreactor

Once equipment has been sterilized, the bioreactor is ready for assembly. Assembly steps
are outlined in the following procedure:
1. Add 5 mL of sterilized bioreactor broth to a 25 mL beaker (for yeast activation)
2. Add remaining sterilized bioreactor broth to the bioreactor vessel
3. Place the bioreactor lid on the bioreactor vessel and secure the bioreactor clamp
4. Insert the bioreactor vessel/lid assembly into the holding hooks on the bioreactor
unit
5. Turn the thumb screws on the bioreactor lid to secure the bioreactor vessel/lid
assembly to the bioreactor
6. Attach the mixer shaft to the motor
7. Place sterilized probes into their designated ports
8. Plug probes into their designated ports
9. Attach the water recirculation tubes to the bioreactor jacket
10. Tighten the tube clamps for the water recirculation tubes with a screwdriver
11. Attach the air tube to the sparger
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Preparing and Adding the Yeast

Once the bioreactor unit has been assembled, the yeast can be prepared and added.
Preparation and addition steps are denoted as follows:
Preparation of yeast
1. Measure 100 mL of DI water in a graduated cylinder
2. Add DI water to a 250 mL beaker
3. Place the beaker on a hot plate
4. Add a magnetic stir bar to the beaker
5. Begin stirring the water to create a small vortex
6. Warm the water to 45°C
7. Weigh 7 g of yeast
8. Add yeast to the warm water in the beaker
9. Add 5 mL of reactor broth to the beaker
10. Let stir for 1 minute and turn off magnetic stirrer
11. Allow solution to sit for 15 minutes, or until solution begins to foam
Addition of yeast
1. Unscrew a large port on the bioreactor lid
2. Pour yeast solution through the port into bioreactor vessel
3. Use spray bottle filled with DI water to add any remaining yeast solution from the
beaker into the bioreactor vessel
4. Once the yeast is added, screw the cap on the large port
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Operation of the Bioreactor

Once the yeast has been added to the bioreactor unit, the bioreactor can be operated to
collect experimental data. The following procedure denotes the steps to operate the
bioreactor unit:
Operating the Bioreactor
1. Fill the beaker for the temperature controller with water
2. Turn on the submergible pump and continue adding water as the level decreases in
the beaker, ensuring the water level is above the pump at all times
3. Once water begins flowing back into the beaker from the water return tube, fill the
beaker to 800 mL
4. Turn on the hot plate to the desired temperature, ensuring the temperature probe is
in the water
5. Turn on the reactor unit by flipping the power switch on the reactor unit
6. Turn on the mixer and set the mixer speed to the desired rpm
7. Turn on the controller by flipping the main power switch on the right side of the
controller
8. Turn on the channel display and pH meter panels on the controller
9. Fill the two 100 mL Erlenmeyer beakers on the left side of the bioreactor with their
respective acid (1 M HCl) and base (1 M KOH)
10. Set the pH control panel to the desired pH and turn on the control panel
11. Use the manual addition switch on the pH control panel to prime the peristaltic
pumps; do this by flipping and holding the switch on each setting until drops of
fluid exit the peristaltic tubes and into the bioreactor
12. Turn on the additive counter panel and the pDO meter panel
13. Open the main air valve located after the pressure regulator on the main compressed
airline; this will pressurize the bioreactor
14. Use the flowmeter to adjust the flow of air entering the sparger to the desired pDO
value shown on the display channel panel of the controller
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15. Turn on the PASCO Xplorer GLX and switch the display mode to 8-channel mode;
ensure the probes are plugged in and the Xplorer is displaying values for each value
seen
16. Open the SPARKvue data analysis software on the laptop; generate the plots
desired and begin recording data on the SPARKvue software
The bioreactor is now operating and can be left to operate for the desired length of time. In
the event the pH of the bioreactor broth has not reached the desired pH in 15 minutes, the
pH can be manually corrected using the manual switch on the pH control panel. While
operating, check the fluid level in the acid and alkali feed flasks on the left side of the
reactor, adding acid and base when the left is below 50 mL. Additionally, add water to the
external temperature control loop if the water level drops below 800 mL.
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Collecting Data

Once the reactor has operated for the desired time to reach the stationary phase of growth,
data can be collected for the bioreactor. Procedures for collecting data follow.
Collection of ethanol concentration data
1. Insert the syringe into the sampling port located on the bioreactor lid. Withdraw 10
mL of the bioreactor broth and fill a centrifuge tube with the solution; do this a total
of four times over a period of 20 minutes
2. Once all four samples have been taken, place the centrifuge tubes into the benchtop
centrifuge; if using centrifuge tubes with hinged lids, ensure the lids are pointed
toward the outside of the centrifuge
3. Close the centrifuge lid and centrifuge the samples at 200 g for 10 minutes
4. After the time has elapsed, removed each centrifuge tube and place them on a test
tube rack
5. Withdraw the ethanol-water layer with a syringe and place the fluid on the
refractometer
6. Turn on the refractometer and record the measurement on the refractometer
7. Once the measurement is taken, clean the refractometer and repeat the process with
the remaining samples
Collection of cell mass data
1. From the centrifuge tubes analyzed previously, use a syringe to withdraw the live
cell layer at the bottom of the centrifuge tube
2. Place the solution on a watch glass
3. Repeat this for all centrifuge tubes, placing each sample on a separate watch glass
4. Place the samples in the analytical oven and allow the samples to dry at 80°C over
1 hour
5. Once dry, weigh the dry cells and record the mass per mL of withdrawn reactor
broth
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Collection of pDO data
1. Record the initial measurement of pDO from the pDO panel on the controller
2. Turn off the air entering the bioreactor vessel by closing the flowmeter
3. Record the data on the pDO panel every 30 seconds until the pDO
measurements reach steady-state
4. Once steady-state is reached, reopen the flowmeter to the same flow and record
data from the pDO panel every 30 seconds until the pDO measurements reach
steady-state

SHUTDOWN PROCEDURE:

Once all data has been collected, shutdown procedures may begin on the bioreactor. The
shutdown procedure is as follows:
Shutting down the bioreactor unit
1. Stop the collection of data through the SPARKvue data analysis software and
export the data as an Excel file to a flash drive
2. Turn off each control panel, and then turn off the main power to the controller
3. Turn off the mixer and close the flowmeter
4. Close the valve from the main compressed airline
5. Open the bottom valve of the compressed air pressure regulator to empty any
collected water; close this valve once the water has emptied
6. Turn off the pump for the external temperature control unit
7. Lift the water return tube out from the beaker and drain the water in the tube into
the floor drain
8. Lift the water inlet tube out of the beaker and drain the water in the tube into the
floor drain; allow the water to drain until the liquid level in the bioreactor jacket is
low
9. Turn off the PASCO unit and disconnect the probes from the unit
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10. Disconnect the probes from the bioreactor controller
11. Remove the probes from the bioreactor unit and follow the sterilization procedures
to sterilize these probes
12. Once the probes are sterilized, property store the probes and place them in the right,
top desk drawer
13. Disconnect the tubes from the water jacket and disconnect the tube to the sparger
14. Turn the thumbscrews on the bioreactor lid and lift the bioreactor vessel off the
bioreactor unit
15. Transfer the bioreactor broth from the bioreactor vessel to a 1000 mL beaker
16. Transfer the collected samples from the centrifuge tube and dried cell mass into the
beaker
17. Cover the beaker with aluminum foil and follow the sterilization procedure for the
bioreactor broth
18. Once sterilized, dump the sterilized bioreactor broth into the biohazardous waste
bin; make sure all material enters the bin by using the DI water spray bottle to rinse
the bioreactor vessel
19. Sterilize the bioreactor vessel and bioreactor lid, following the sterilization
procedures
20. Once sterilized, place the lid on the bioreactor vessel, tighten the clamp, and secure
the vessel on the bioreactor unit.
21. Clean the refractometer, place it back in its case, and return it to its designated area
in the laboratory

DELIVERABLES:
The following list must be addressed in the result/discussion section of the submitted
reports. Make sure you include all the considered assumptions and discuss the results.
1. Calculations and measured data
2. Calculate and report the Michaelis-Menten kinetics with figures and calculated
variables.
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3. Calculate and report the specific rates of product formation and substrate
consumption, and calculate the specific growth rate. Compare the specific rate of
product formation with the rate of product formation from the Michaelis-Menten
kinetics. Explain any differences.
4. Calculate and report the OUR and OTR. What conclusions can you make given
these calculated values?
5. Calculate the yields given in Equations 9a and 9b. What information would be
needed to calculate the yield given in Equation 9c?
6. Given data on the logarithmic phase of growth, calculate μ max using Monod
Kinetics.
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